Cu 2 MnGeS 4 crystallizes orthorhombic in a wurtzite superstructure type while Cu 2 MnSnS 4 crystallizes in a tetragonal sphalerite superstructure type. Lattice constants and thermal analyses of the solid solution series Cu 2 MnGe x Sn 1Àx S 4 are presented. A two-phase region is found from Cu 2 MnGe 0.3 Sn 0.7 S 4 to Cu 2 MnGe 0.5 Sn 0.5 S 4 . The cell volume of the mixed crystals increases with increasing Sn content. The melting points increase smoothly with increasing Ge content to x ¼ 0:5 and then steeply for higher Ge contents. The single crystal X-ray structure analysis of Cu 2 MnGe 0.55 Sn 0.45 S 4 is presented. The refinement converges to R ¼ 0:0270 and wR 2 ¼ 0:0586, Z is 2. The volumes of the tetrahedra [MS 4 ] (M ¼ Cu, Mn, Ge, Sn) are calculated. From these volumes the differences in size of the tetrahedra are derived and compared with the corresponding differences in the end members of the solid solution series. It turns out that the resulting structure type in these materials depends on the volume differences of the constituting tetrahedra [MS 4 ].
Introduction
There is a strong interest in so-called tetrahedral compounds since many years because of their physical properties. The electrical properties of these semiconducting materials are under investigation as well as their optical and magnetical properties, e.g. [1] [2] [3] [4] [5] . Structural investigations led to valence electron rules that can be used for the prediction which compositions can form normal or defect tetrahedral compounds [6] . The cubic close packing of the anions in sphalerite and the hexagonal close anion packing in wurtzite are the most common among more than 200 known anion stacking variants in tetrahedral structures. An easy concept to predict or to explain the preference for one of these two structure types is not yet available because of the small energy difference between the two aristotypes.
Especially in the last years the research concentrated on the investigation of phase diagrams of quasi-ternary systems I 2 Q-IIQ-IVQ 2 (I ¼ Cu, Ag, II ¼ Cd, Hg, Zn, IV ¼ Si, Ge, Sn, Q ¼ S, Se, Te) [7] . Quaternary compounds are formed in these systems and Rietveld refinements of several compounds of the type I 2 -II-IV-Q 4 are available in literature. Back in the 1970s, Scha¨fer et al. already investigated many quaternary compounds of the I 2 -II-IV-Q 4 type by X-ray powder diffraction [8] . They observed that many Sn-containing materials crystallize preferably in sphalerite superstructure types while the silicon-containing compounds crystallize in wurtzite superstructure types. The intervening germanium compounds show no clear preference for one of the two-anion packing variants. According to [7] to date mainly germanium compounds are found to have both, a high-and a lowtemperature modification (e.g. Cu 2 ZnGeS 4 /Se 4 , Cu 2 CdGeS 4 / Se 4 ). Usually the high-temperature modification is the wurtzite superstructure variant, as wurtzite is the hightemperature modification of ZnS itself [9] . Until the beginning of the 1990s the number of compounds containing tellurium as the anion or silver instead of copper was very small [10, 11] . Some quaternary tellurides were described by Haeuseler et al. [12] . They also found solids of the composition Ag 2 HgMQ 4 with M ¼ Ge, Sn, and Q ¼ S, Se [13] . A quaternary compound containing Ag and Te was described by Wooley et al.: Ag 2 MnGeTe 4 [14] . Contrary to the copper-containing quaternary materials in the quasiternary systems Ag 2 Se-Zn(Cd, Hg)Se-SiSe 2 no compounds of the type I 2 -II-IV-Se 4 are found [15, 16] .
Our interest in normal tetrahedral compounds was triggered by the observation that the sphalerite superstructure-type compound Cu 3 SbS 4 shows a much smaller difference of the constituting distinct tetrahedra [MS 4 ] (M ¼ Cu, P, Sb) than the wurtzite superstructure variant Cu 3 PS 4 [17] . Therefore we started systematic investigations on tetrahedral compounds of different types [18] . The results underlined the expectations insofar as the tetrahedra distortions in wurtzite superstructure variants were more pronounced than the ones in sphalerite superstructure variants. Many compounds showed a clear preference but others fell in an overlap area where both structure types could occur principally. A similar idea was later presented by Parasyuk et al. [7] They discussed the influence of the different ionic radii of the cations and the correlated deformations of the different tetrahedra [MS 4 ] on the stability of the two principally different structural variants and even on the stability of the normal adamantane structures (see [6] for the definition of this term).
Continuing our systematic investigations of the tetrahedra volumes we recently analyzed the quaternary compounds Cu 2 MnSiS 4 , Cu 2 MnGeS 4 , and Cu 2 MnSnS 4 , i.e. we varied the M IV ion [19] . The influence of the divalent metal on the preferred structure type was a subject of the investigations on Cu 2 Mn x Co 1Àx GeS 4 [20] . Herein, we present mixed crystals in the system Cu 2 MnGe x Sn 1Àx S 4 , i.e., we elucidate the stability range of the wurtzite and the sphalerite superstructure types with respect to the volume of the tetrahedra around the four-valent cation, and compare the tetrahedra volumes [MS 4 ] in Cu 2 Mn Ge 0.55 Sn 0.45 S 4 with those of the end members.
Experimental
Mixed crystals Cu 2 MnGe x Sn 1Àx S 4 were prepared from the end members. Stoichiometric mixtures were ground intensely in an agate mortar, pressed to pellets, and brought to reaction at a temperature of 800 1C in evacuated sealed silica ampoules. The procedure was repeated after 5 days to ensure homogeneous products. The end members were prepared from high-purity elements as described in [19] . The purity of the products was confirmed by X-ray powder diffraction. The quality of the products improved during the second heating period. Powder data were collected on a STOE Stadi P (Ge monochromator, CuKa 1 radiation).
A single crystal of Cu 2 MnGe 0.55 Sn 0.45 S 4 was fixed on a glass capillary for X-ray structure analysis. Diffraction data were collected on a STOE IPDS I equipped with a graphite monochromator and MoKa radiation. A numerical absorption correction based on equivalents was performed. Details concerning data collection and structure refinement can be taken from Table 1 . The single crystal refinement revealed a germanium content of x(Ge) ¼ 0.553 (6) and a tin content of 1Àx(Sn) ¼ 0.447 (6) assuming a fully occupied position with statistical disorder. b Definition of R, wR, GooF, and weighting scheme:
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DTA measurements were performed on a Setaram TMA 92 16.18. Small amounts of finely grinded samples were put into evacuated quartz ampoules of 2 mm diameter and about 10 mm length. The samples were heated from room temperature to 1200 1C with a rate of 10 1C/min. Two heating cycles were carried out in order to examine the melting behavior.
Results and discussion

Lattice constants and miscibility gap
The orthorhombic structure type of Cu 2 MnGeS 4 exists up to about 40% tin, that is x ¼ 0:6. A two-phase region spreads from 0:3pxp0:5, as can be estimated from the powder data. Mixtures from x ¼ 0:2 to the pure Sn end member crystallize in the tetragonal system. Fig. 1 shows the evolution of the cell volumes of the materials with changing composition. The volumes decrease linearly with increasing germanium content.
The lattice constants of the orthorhombic phases are plotted in Fig. 2 . All three lattice parameters decrease linearly with increasing germanium content.
Thermal analysis
Compositions in the miscibility gap were heated to 920 1C in order to find out whether the width of the miscibility gap decreases with increasing temperature. The powder patterns indicate that the gap indeed decreases. While the powder diagram of Cu 2 MnGe 0.5 Sn 0.5 S 4 heated to 800 1C clearly contains both phases, the tetragonal as well as the orthorhombic one, the tetragonal phase has disappeared in the pattern of the compound heated to 920 1C. However, we did not study the temperature dependence of the miscibility gap in detail.
The melting points of all compositions were determined by DTA measurements in order to obtain an idea of the melting behavior. Melting points for the end members can be found in Ref. [8] . Scha¨fer 4 from onset points in the thermal measurements. For the latter value the difference to the literature is remarkably high. However, this discrepancy seems to be tolerable in this temperature range. In Fig. 3 the melting points are plotted against the germanium content. At x ¼ 0.5 a kink is ARTICLE IN PRESS observed. For small x the melting points increase linearly with a moderate gradient. From x ¼ 0.5 to 1.0 the slope of the curve is steeper. It has to be pointed out that Fig. 3 does not represent a detailed phase diagram. Much more measurements and investigations were necessary for this purpose.
Two heating cycles up to 1200 1C were carried out in order to detect incongruent melting. However, the melting points of all samples including the end members stayed unchanged in both cycles. So no evidence for incongruent melting or decomposition of the samples was found. Hightemperature X-ray diffraction might help to elucidate the phase variation at high temperature and to obtain a complete phase diagram.
Single crystal investigations
The crystal structure of Cu 2 MnGe 0.55 Sn 0.45 S 4 is depicted in Fig. 4 . In Table 2 atomic positions are collected. Table 3 contains anisotropic displacement parameters and Table 4 summarizes distances and angles.
An inspection of the tetrahedra [MS 4 ] in the famatinitetype compound Cu 3 SbS 4 (cubic close packing, space group I42m) and in the wurtzite-type superstructure Cu 3 PS 4 in [17] led to the assumption that wurtzite-type variants in general tolerate tetrahedra with quite different volumes while sphalerite-type superstructures are limited to small tetrahedra differences. In [18] we presented a concept how to obtain a quantitative measure of this thesis and gave examples.
In [19] we investigated the quaternary compounds Cu 2 MnSiS 4 , Cu 2 MnGeS 4 , and Cu 2 MnSnS 4 with respect to their tetrahedra volumes. We agree with Parasyuk et al. who mentioned that the slight deformation of the tetrahedra [GeS 4 ] is increased in the silicon compound and decreased in the case of tin [7] .
Our quantitative concept is based on the volumes of the constituting tetrahedra of this class of compounds which can be derived from the following formula, Fig. 5 : From all different volumes we calculate the average volume. Then we compute the deviation of each tetrahedron from the average value. The mean value of all these differences, the so-called DV i , is used to quantify the differences of the tetrahedra in a normal adamantane structure. Table 5 . The real local differences in size cannot be determined by X-ray diffraction. Therefore, the same DV i value as for tetragonal Cu 2 MnSnS 4 is found.
The volumes for the [MS 4 ] tetrahedra lie on a straight line as shown in Fig. 6 Fig. 5 . General formula to compute tetrahedra volumes and labeling of tetrahedra edges [24] . Anyway, the DV i value for the Si compound is significantly bigger than for the other two materials. The fact that the compounds with Ge and Sn form mixed crystals also indicates a close relationship between their ionic radii and therefore for their similar tetrahedra volumes. These facts were observed similarly in the system Cu 3 MS 4 (M ¼ P, As, Sb). Cu 3 AsS 4 and Cu 3 SbS 4 form mixed crystals, too. The DV i value of the wurtzite superstructure-type compound Cu 3 AsS 4 (5.2) is close to the value of the sphalerite superstructure variant Cu 3 SbS 4 (3.3). The homologous compound Cu 3 PS 4 does not form mixed crystals with Cu 3 SbS 4 and its DV i value (10.3) is much bigger as compared to the As-and Sb-containing solids. [18] Many quaternary tetrahedral compounds crystallize in two polymorphic modifications. The wurtzite modification usually is the high-temperature phase. For Cu 2 MnGeS 4 we also found hints for a tetragonal modification at lower temperature. The lattice parameters are a ¼ 5:327ð2ÞÅ, c ¼ 10:431ð4ÞÅ and V ¼ 296:0ð2ÞÅ 3 . Experiments to isolate the pure low-temperature phase at minor temperatures are subject of forthcoming studies. 
